The elevator movement of the matrix cell is synchronous with the mitotic cycle. Its mechanism has been thought to be due to cyclic changes in cell adhesion to the neighboring cells and the basement membrane. The present study aims to analyze the cytoplasmic changes by means of immunohistochemical investigations of the distributions of the adhesion molecules, N-cadherin, a-catenin, bcatenin, F-actin, etc. It was found that the adherent junctions and junctions to ECM of the matrix cell disintegrate during mitosis, releasing the cell from the intercellular adhesions and the basement membrane. As a consequence, the mitotic matrix cell is rounded out and attracted to the ventricular surface where the junctional complexes remain unchanged during mitosis. After division, the daughter matrix cells recover their adhesion apparatuses and, extending their cytoplasmic processes, resume their downward elevator movement.
I. Introduction
According to the classical interpretation of the histogenesis of the CNS, the wall of the early neural tube is composed of at least two kinds of cells [11] : germinal cells (ventricular cells [2] ) and spongioblasts. Germinal cells are located directly beneath the ventricular surface, assume a spherical shape and always show mitotic chromosomes, while nuclei of the spongioblasts are found distant from the ventricular surface and never show mitotic features. They exist as distinctly different types of cells, from the beginning of neural tube formation. This classical concept has been challenged and altered by many investigators resulting in various models [2, 6, 14, 17, 18] , but complete agreement on the histogenetic scheme has yet to be reached. Although these investigators disagree on the interpretation of the cellular composition in later neural tubes (during the period of neuroblast production), they agree unanimously that, as far as the early neural tube is concerned, it is composed of one kind of homogeneous epithelial stem cell (matrix cells [6, 7] ) performing the elevator movement.
As for the mechanism of the elevator movement, it was stated in 1960 at the time of the discovery of the elevator movement [4] , that "the migration of the matrix cell to the internal limiting membrane during mitosis is considered to be associated with the cytoplasmic changes which round off the mitotic cell, releasing them from the adjacent cells" (Fujita, 1960) . The actual mechanism, however, of this cytoplasmic change has remained totally unknown up to the present time.
To understand the mechanism of the rounding off of the mitotic epithelial cells, it is essential to understand the molecular mechanism of epithelial cells that assures the maintenance of the morphological properties of the singlelayered cylindrical epithelium.
Cell-to-cell and cell-to-connective tissue adhesions are particularly important in epithelial morphogenesis. To maintain the epithelial morphology, it has been thought that the intracellular cytoskeleton (microtubule and actin systems) plays important roles. Once epithelial cells are completely freed from their adhesions to neighboring structures such as the adjacent cells and basement membranes in vivo or substratum in vitro, however, they are forced to round off, without any direct intervention to the cytoskeleton systems. This phenomenon is always observed when the epithelial tissue is dispersed to obtain single cell suspension. It is true that in the isolated cells, the cytoskeleton systems tend to disintegrate. But this is a phenomenon secondary to the loss of cellular adhesion but not primary cause of the rounding off of the cell. Therefore, we hypothesized that in order for the epithelial cells to maintain their elongated morphology, cell adhesions to the neighboring cells and, in the case of single layered epithelium, to the basement membrane are essential.
Common to all the single-layered cylindrical epithelia in various organs, cell surface adhesion organelles like tight junctions, adherent junctions, desmosomes and adhesions to ECM (extracellular connective tissue matrix) are present at the adherent sites to the neighboring cells and to ECM, and play important roles in maintaining the elongated morphology of epithelial cells (Fig. 1) .
Epithelial cells are firmly attached to the basement membrane, not only in adult tissues but also in embryonic development. In the formation of the basement membrane, a-and b-dystroglycans are secreted from the epithelial cells as the core molecules of the basement membrane, with the a-dystroglycan molecule anchoring the cell to the basement membrane ( Fig. 1) [9] . In the basement membrane, laminin binds to epithelial basal surface receptors such as the a-and b-integrins (Fig. 1) . Similar to cadherins on the lateral cell membranes, the binding affinity of the integrins to the basement membrane is regulated by the conformational changes of integrin caused by multi-protein complexes bound to the intracytoplasmic regions of the integrins [21] .
Molecular analysis reveals that adherent junctions are cell-to-cell adhesion sites where classic cadherins gather as cell adhesion molecules and where the actin-based cytoskeleton and several cytoplasmic factors are assembled. It is now widely accepted that the intracytoplasmic regions of cadherins are directly bound to b-catenin, which in turn binds to a-catenin; a-catenin then binds to F-actin ( Fig. 1 ) [13] . These chain formations of extracellular cadherins with intracellular catenins are particularly important molecular events to establish and maintain cell adhesion.
The junctional complex is a pivotal cell-to-cell adhesion apparatus. It is composed of tight junctions, adherent junctions and desmosomes. The junctional complex is also referred as the "terminal bar" when observed under a light microscope. The complex is the most stable adherent apparatus that resists strong mechanical shearing forces. Another important characteristic of the junctional complex is that it persists during mitosis while other adherent apparatuses appear to be lost transiently, if not completely, during the entire process of mitosis [8] .
Adherent junctions make strong adhesions on the lateral surfaces of adjacent cells. Cadherin molecules, the transmembrane components of the junction, must gather together to form oligomers to realize strong homophilic binding. When they are isolated, each cadherin has a low binding affinity. Therefore, the interaction of domains of the intracellular region of the cadherins with b-catenin, a-catenin and F-actin, together with the oligomerization, is important for strong adhesive activity. If, however, b-catenin is phosphorlylated and loses its binding affinity to cadherin and a-catenin, the homophilic intercellular binding affinity of the cadherin is totally lost [10] . This is the key reaction regulating cadherin interactions between adjacent cells in a completely reversible fashion.
The purpose of the present study is to clarify the molecular mechanism of the elevator movement. Taking the observations mentioned above into consideration, it would be a logical approach to examine changes in distribution of the adhesion molecules especially of a-and b-catenin, in relation to cadherin during the elevator movement of the matrix cell.
II. Materials and Methods

Animals
Fertilized eggs from White leghorn chicken were obtained from a local farm and incubated in an incubator at 37°C. Staging of the embryos was made according to Hamburger and Hamilton. Stage 15-18 embryos were used. Entire embryos were immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer saline (pH 7.4, PBS) for 2 hr at 4°C, immersed in 15% sucrose in PBS over 24 hr, embedded in Tissueteck (Biomeda, Foster City, CA, USA), frozen on dry ice and kept at -80°C until use.
Colchicine treatment
To study distribution of adhesion molecules in metaphase cells, 0.5 ml of 1´10 -6 M colchicine/egg was injected into yolk sacs close to the embryos and the eggs were incubated at 37°C for 5 hr and fixed thereafter.
Antibodies and fluorescent probes
As first antibodies, the following antibodies were used: anti-N-cadherin rat monoclonal antibody (gift from Dr. M. Takeichi), anti-b-catenin mouse monoclonal antibody (Transduction Laboratories, Lexington, KY, USA) and anti-aN-catenin rat monoclonal antibody (gift from Dr. M. Takeichi). The following secondary antibodies were prepared: Alexa Fluor 488 goat anti-rat IgG (Molecular Probes, Eugene, OR, USA), Alexa Fluor 594 goat anti-rat IgG (Molecular Probes) and Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes). To counterstain the nuclei, PI (Molecular Probes) was used.
Immunohistochemistry
Cryosections of 6-12 mm thickness were placed on APS-coated slides and dried. The sections were fixed in methanol for 20 min. The sections were treated with 2% Blocking Reagent (Boehringer Mannheim GmbH, Germany) to block nonspecific binding and incubated overnight with one primary antibody or a mixture of the two primary anti- bodies. After washing, the sections were incubated with one appropriate secondary antibody or a mixture of two appropriate secondary antibodies for 1 hr at room temperature. In some cases, sections were incubated with PI to counterstain nuclei. To perform a detailed analysis of double-immunostained sections, Z-series of optical slices were collected on a confocal laser scanning microscope, Fluoview (Olympus, Tokyo, Japan).
III. Results and Discussion
The parietal region of optic tectum of Stage 15-18 chicken embryo is at stage I of cytogenesis of the CNS, i.e. composed solely of the matrix cells. As it is well known that the cadherin expressed in the matrix cells in the early stages of neural development is mostly N-cadherin, we stained the tissue sections of the optic tectum doubly with anti-Ncadherin and anti-b-catenin antibodies and observed them on a confocal microscope (Fig. 2) . N-cadherin was stained red and b-catenin green. In comparison with Nomarski images of the same section (Fig. 2c) , it is apparent that the adherent junctions on the lateral membranes of the matrix cells are visualized as scattered dots (appearing partly yellow-green as a result of overlap of both stainings) along the lateral cell boundaries (Fig. 2a , in the same magnification as Fig. 2c ). Close examination of the same section (Fig. 2b,  a larger magnification) , however, reveals a more marked dissociation of both stainings (N-cadherin and b-catenin) in the upper one third zone of the matrix cell layer where metaphase-as well as prophase-and telophase-cells are present. N-cadherin, stained red, forms larger aggregates on the cell membrane and, other than those, powder-like red-stained materials (dissociated N-cadherin), are found scattered in the cytoplasm of the uppermost zone of the matrix cell layer (Fig. 2b) . Similarly b-catenin, stained green, also appears, but to much lesser extent, as powder-like structures scattered in the cytoplasm of the same zone without overlapping with N-cadherin. These findings suggest that at least some of the N-cadherin and b-catenin in mitotic cells are dislocated from the original sites of adherent junctions and dispersed in the cytoplasm of the mitotic cells.
In order to examine whether this dissociation and dislocation of the protein molecules of the adhesion complex do take place in mitotic cells, we used colchicine to amplify the number of mitotic cells. After 5 hr of colchicine treatment, the ventricular surface of the optic tectum became fully occupied by rounded mitotic figures so that it was easy to distinguish cytoplasmic changes in the mitotic cells to compare with underlying intermitotic matrix cells. Staining with anti-aN-catenin of this material revealed dissociation and dislocation of the proteins in the mitotic cells (Fig. 3) . In the intermitotic matrix cells, aN-catenin is localized directly beneath the cell membrane in close opposition to extracellular N-cadherin so that light microscopic observation visualizes both stainings, slightly dissociated, along the cell boundaries (Fig. 2) . In contrast, in mitotic cells, the dissociation is marked. It is clear (Fig. 3 ) that aN-catenin is released from the binding to the b-catenin that is also released from the N-cadherin. Thus the N-cadherin-b-catenin-a-catenin complex dissociates and is dispersed in the cytoplasm, so that the intercellular binding affinity of the N-cadherin is inevitably lost in the lateral membranes of the matrix cells (Fig. 4) . Hoschuetzky et al. [12] found that reversible dissociation of the N-cadherin-catenin complex is mediated by the phosphorylation of tyrosine moiety of b-catenin, and that this mechanism is what really regulates intercellular cadherin adhesion. When tyrosine phosphorylation increases, cadherin-mediated cell adhesion is released, and when dephosphorylation predominates, resulting in low levels of tyrosine phosphorylation, the adhesion tends to be enhanced [1, 16] . In the adherent junctions, protein tyrosine kinases (PTK) such as src, Abl or FAK are distributed together with protein tyrosine phosphatase (PTP), so that a kind of dynamic equilibrium exists between the phosphorylation and dephosphorylation controlling the adhesive properties of the junctions [3] . Maher and Pasquale [15] reported that, during mitosis, the phosphorylation of the intracytoplasmic proteins greatly increases, sometimes up to more than 10-fold, in comparison with the intermitotic levels. In an in vitro study, Volberg et al. [20] found that administration of vanadate, a potent PTP inhibitor, caused dissociation of MDCK cells from the substrate and the rounding off of the cell body by raising the phosphotyrosine level of intracytoplasmic proteins.
Recently Sugioka and Yamashita [19] reported that the intracytoplasmic Ca ++ concentration in the matrix cells in the retina changes in a cyclic fashion synchronously with the mitotic cycle. Although the precise mechanism is not yet known, the upregulated cytoplasmic Ca ++ is either directly or indirectly related with the levels of protein tyrosine phosphorylation.
Mitotic changes of the integrin system were not directly studied in the present investigation, but functional similarities to the adherent junction system are apparent. Dissociation and adhesion of the integrin systems occur almost synchronously with the cadherin system. It is probable that the intracytoplasmic protein complexes bound to the integrin bear functional similarities and are being regulated by a common factor in the crucial step of the adhesion activity. The precise molecular mechanism of the regulation of the integrin system with its possible relationship to the tyrosine phosphorylation, however, remains to be elucidated. From these observations, it is concluded that the adhesion apparatuses of N-cadherin-catenin complexes dissociate during mitosis, releasing the intercellular adhesion from neighboring cells, and that the mitotic matrix cells inevitably move toward the junctional complexes on the ventricular surface. After division daughter cells recover their Ncadherin-catenin assembly to extend their cytoplasmic processes and resume their downward elevator movement.
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